Nitrogen-polar (N-polar) III-nitride (III-N) semiconductors have received much attention for light emitting and electronics applications. 1, 2) In transistor applications, the N-polar high electron mobility transistors (HEMTs) have a reversed structure of GaN/AlGaN layers compared to incumbent metal-polar AlGaN/GaN HEMTs. 3, 4) The N-polar GaN/AlGaN HEMTs provide a low contact resistance with the top GaN layer and a high carrier confinement by natural back barrier in addition to a low leak current due to the AlGaN buffer layer. [5] [6] [7] The N-polar III-N HEMTs can be improved by increasing the Al-content in the AlGaN buffer layer. The high Al-content AlGaN buffer layers have a low buffer leak current and induce higher carrier concentrations. In the extreme case, Npolar AlN buffer layers are the ideal transistor platform, which offers the highest back barrier and the highest thermal conductivity in III-Ns and low buffer leak current. [8] [9] [10] However, it has been difficult to grow N-polar III-Ns with high crystalline quality.
N-polar III-Ns have exhibited inversion domains, hexagonal hillocks and step bunching.
11-
13) Recently, we grew a smooth N-polar AlN layer on SiC by optimizing the growth conditions in the high temperature regime using metal-organic vapor phase epitaxy (MOVPE). 14) A high-resistivity buffer layer with high crystalline quality and low impurity concentrations is a key for high-performance AlN-based transistors. In this letter, we report on the impurity concentration in N-polar AlN layers grown at various temperatures in addition to the demonstration of N-polar AlN channel metal-semiconductor field-effect transistors (MESFET).
N-polar AlN layers were grown on semi-insulating C-face SiC on-axis substrates by MOVPE. [13] [14] [15] The SiC surfaces were cleaned in-situ for 20 min at a nominal substrate surface temperature of 1180 • C in hydrogen (H2) ambient at 100 mbar pressure prior to AlN growth. The substrate temperature was monitored using an emissivity corrected in-situ pyrometer. All temperature values in this work refer to the pyrometer estimated substrate temperature. The MOVPE reactor had a close coupled showerhead configuration.
Trimethylaluminium (TMAl), ammonia (NH3) and disilane (Si2H6) were used as precursors for aluminum, nitrogen and silicon, respectively. AlN was grown at 50 mbar pressure with H2 as the carrier gas. In this work, we prepared multi-layer AlN stacks with different growth conditions to investigate the relation between the MOVPE growth conditions and the impurity incorporation into N-polar AlN layers. We grew first a 400-nm-thick unintentionally doped (UID) AlN layer, which acted as a marker layer, at 1150 • C with a V/III ratio of 20000 to obtain a smooth surface. After the first layer, we grew pairs of marker layers and 200-nm-thick UID AlN sample layers with different growth conditions. 14, 15) The growth rates for the marker layers and the sample layers were 0.1 μm/h and between 0.3 μm/h to 0.4 μm/h, respectively. Secondary-ion mass spectroscopy (SIMS) measurements, which were performed at EAG laboratories, were used to determine the impurity concentrations in the AlN layers as a function of depth. Figure 1 16, 17) The concentration of these impurities was independent of the V/III ratio in this growth regime. However, the silicon concentration significantly depended on the growth conditions. The silicon concentration was increased by decreasing the ratio V/III to 1000, reaching a level comparable to the marker layers (2×10 18 /cm 3 ). We consider that the high concentration of silicon in AlN layers grown with a low V/III ratio of 1000 is caused by degraded crystalline quality. 14) The silicon concentration in N-polar AlN layers grown using V/III ratios of 10000 and 5000 is reduced by a factor of five compared to the marker layers. There is little difference in silicon concentration between the sample layers grown with the V/III ratio of 10000 and 5000. We suggest that the reduction of silicon concentration may result from the increased growth rate because the growth rate was roughly quadrupled compared to the marker layer conditions. The growth regime of high V/III ratio together with the increased growth rate is preferable for low unintentional silicon incorporation. AlN. 17, 19) We believe that the unintentional silicon incorporation into the AlN layers is derived from the etching of the SiC-coated susceptor in the H2/NH3 atmosphere. 18, 19) The independence of carbon concentration is most likely due to efficient mechanisms for carbon surface removal or suppression of incorporation.
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Three types of samples were prepared to investigate the leak current through the N- To investigate the crystalline quality, a separate 200-nm-thick UID AlN layer was measured using X-ray diffraction. The measured rocking curve full width half maximums were 120 arcsec and 210 arcsec for (002) and (102) 23) The electron concentration was low compared to the nominal doping density (6×10 18 /cm 3 ) due to the low electrical-activation ratio of AlN. 23, 24) We estimate that the activation energy of Si in N-polar AlN was 0.26 eV, which is similar to Al-polar AlN, using the charge neutrality equation for an n-type semiconductor. 23, 24) In this estimate, we assumed that the donor concentration equals the nominal doping density and we used the acceptor concentration provided in Ref. 23 for a similar Al-polar n ++ -AlN layer. 
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